Sulfide intrusion in seagrasses, as assessed by stable sulfur isotope signals, is widespread in all climate zones, where seagrasses are growing. Seagrasses can incorporate substantial amounts of 34 S-depleted sulfide into their tissues with up to 87% of the total sulfur in leaves derived from sedimentary sulfide. Correlations between 34 δ S in leaves, rhizomes, and roots show that sedimentary sulfide is entering through the roots, either in the form of sulfide or sulfate, and translocated to the rhizomes and the leaves. The total sulfur content of the seagrasses increases as the proportion of sedimentary sulfide in the plant increases, and accumulation of elemental sulfur (S 0 ) inside the plant with 34 δ S values similar to the sedimentary sulfide suggests that S 0 is an important reoxidation product of the sedimentary sulfide. The accumulation of S 0 can, however, not account for the increase in sulfur in the tissue, and other sulfur containing compounds such as thiols, organic sulfur, and sulfate contribute to the accumulated sulfur pool. Experimental studies with seagrasses exposed to environmental and biological stressors show decreasing 34 δ S in the tissues along with reduction in growth parameters, suggesting that sulfide intrusion can affect seagrass performance.
INTRODUCTION
With the growing access to mass spectrometers, stable isotopes have become an important tool to explore complex questions in biological research (Fry, 2006) . In the marine environment, stable isotopes have been successfully used in food web studies and are now applied in seagrass research to study a wide range of questions extending from uptake and incorporation of carbon during photosynthesis (Raven et al., 1995) , carbon and nitrogen translocation in seagrasses (Marba et al., 2002) and carbon burial in sediments (Kennedy et al., 2010) . Stable sulfur isotopes are used in food web studies together with 13 C and 15 N (Kharlamenko et al., 2001; Mittermayr et al., 2014) , and in the studies of early evolution of life on earth (Canfield et al., 2000) , and even earlier used to explore the uptake of sulfate and sulfide in halophytes and seagrasses (Fry et al., 1982) . Sulfide is toxic to living cells, as it reacts strongly with iron-containing enzymes and thereby inhibits enzymatic processes in the cells (Raven and Scrimgeour, 1997) . Several studies of seagrasses have suggested sulfide toxicity as a contributing factor in seagrass decline, where high sulfide concentrations induce seagrass mortality, e.g., in die-back events in Florida (Carlson and Forrest, 1982; Borum et al., 2005) , during organic enrichment of sediments near fish farms (Frederiksen et al., 2007) , upon invasion of seagrass meadows with Caulerpa sp. (Garcias-Bonet et al., 2008) and during hypoxic events (Mascaro et al., 2009) . Quantification of sulfide exposure in seagrasses by the use of stable sulfur isotopes has the potential as a tool to examine seagrass stress factors (Kilminster et al., 2014) .
Sulfate reduction is an important process for anaerobic decomposition of organic matter in marine sediments, where it can account for more than 50% of the organic matter oxidation (Jørgensen, 1982) . Sulfate reduction is a key process in the anoxic sediments due to high pools of sulfate in seawater (in mM concentrations) compared to other electron acceptors present in μM (Canfield et al., 1993) . Sulfide is produced during bacterial sulfate reduction and may accumulate in the sediment pore waters or precipitate with iron either as FeS or as pyrite (FeS 2 ) commonly referred to as the AVS (acid volatile sulfide) and the CRS (chromium reducible sulfur) pool, respectively, based on the method used for extraction of the precipitated pools (Fossing and Jørgensen, 1989) . Sulfate is fractionated during sulfate reduction and sedimentary sulfide has δ 34 S ranging between −15 to −25 (Canfield, 2001; Böttcher et al., 2004) , compared to about +21 for sulfate in oceanic seawater (Rees et al., 1978) . This difference is sufficient to distinguish the sources of sulfur in seagrass tissues by analysis of the stable sulfur isotopic composition (Fry et al., 1982; .
In contrast to the bacterial fractionation, sulfur isotopes remain unchanged in plant uptake and assimilation, and the isotopic composition of the tissues reflects the source of sulfur (Winner et al., 1981; Monaghan et al., 1999) . Fry et al. (1982) suggested three potential sources of sulfur available for uptake in seagrasses: seawater sulfate, pore water sulfate, and sediment derived sulfide. Plants may acquire sulfur by active uptake of sulfate directly from the water column and pore waters by the leaves and roots, respectively, possibly mediated by a carrier as found in terrestrial plants (Kylin, 1960; Rennenberg, 1984) , or by passive intrusion of gaseous sulfide into the below-ground tissues (Pedersen et al., 2004) . Pore water sulfate may differ from the seawater sulfate signal, as it can be either heavier due to discrimination by sulfate-reducing bacteria against the lighter isotopes leaving a heavier pool of residual pore water sulfate, or lighter, if the light pore water sulfide is reoxidized to sulfate (Canfield, 2001 ). The last process may be important in seagrass sediments where oxygen release from the roots is considered an important mechanism for reoxidation of sulfide preventing the gaseous sulfide from entering into the plants (Pedersen et al., 2004; Frederiksen and Glud, 2006; Lamers et al., 2013) .
Seagrasses are growing in coastal zones world-wide from the tropics extending into the sub-arctic and about 72 seagrass species have been identified to date (Orth et al., 2006; Short et al., 2011) . Seagrasses grow where light, substrate conditions and physical exposure allow and can be found from <1 m to 40-50 m depth. They vary in size from small (<5 cm leaf length) to large species (>1-2 m leaf length), but they are all characterized by being anchored into the sediments by roots and horizontal rhizomes. Some of the larger species also have vertical rhizomes extending 10-40 cm into the water column. Seagrasses are adapted to growth in anoxic sediments by their extensive aerenchyma tissue throughout the plants (Figure 1) , which allow transportation of oxygen from leaves to roots and sustain oxic conditions around roots tips (Pedersen et al., 2004; Frederiksen and Glud, 2006) . During night, however, where there is no photosynthesis, oxygen may be depleted inside the plant due to respiration, and if the oxygen supply from the water column is not sufficient, parts of the plant may turn anoxic (Pedersen et al., 2004; Frederiksen and Glud, 2006; Raun and Borum, 2013) . If sulfide is present in the sediments, gaseous sulfide can enter through the root tips and diffuse into the plant tissues. Due to the high pH of pore waters (∼ 6-8) in seagrass sediments (Brodersen et al., 2014) , only a fraction of the pore water sulfide is present in gaseous form (H 2 S, Figure 2 ), which minimizes the risk of sulfide intrusion into the plants as only gaseous sulfide (H 2 S) is able to penetrate the bilayer membranes and intrude into tissues (Raven and Scrimgeour, 1997) . High concentrations of gaseous sulfide have, however, been measured inside seagrasses in the field with concentrations up to 325 μM for Zostera marina in a natural stand (Pedersen et al., 2004) and >750 μM for Thalasia testudinum in a die-back area (Borum et al., 2005) . For both species the intrusion occurred during night, where oxygen was depleted in the lacunae due to respiration and due to low oxygen concentrations in the overlying water. When photosynthesis was reestablished at dawn, gaseous sulfide (H 2 S) was reoxidized by photosynthetically derived oxygen and disappeared from the internal structures (Pedersen et al., 2004; Borum et al., 2005) . The reoxidation rate was slow, in the order of 20-30 min, suggesting a chemical rather than a biological mediated oxidation process (Pedersen et al., 2004) . Similar scenarios can be expected for other seagrasses as they have the same basic structure and grow in anoxic sediments. Nevertheless, due to the large variation in size and growth rates of seagrass species as well as substrate conditions and environmental parameters, large spatial, temporal, and species variation in sulfide intrusion can be expected.
Seagrasses are threatened by environmental pressures and show rapid rates of decline (Waycott et al., 2009) , and sulfide toxicity is considered one of the contributing factors for the observed declines. Stable sulfur isotopes have been proposed as indicators of sediment-sulfide stress and may be used to monitor environmental pressure in seagrasses (Kilminster et al., 2014) . The overall aim of this review is to explore the variation in stable sulfur isotope composition in seagrass tissues and whether the composition can be used as indicator of sulfide intrusion into seagrasses. This is done through a compilation of spatial, temporal, and species variation in stable sulfur isotopic signals in seagrasses combined with an analysis of the contribution of sediment sulfide to sulfur content in seagrasses. Finally a summary of impacts of sulfide intrusion on seagrass performance is provided.
ANALYSIS OF STABLE SULFUR ISOTOPES IN SEAGRASS MEADOWS
The δ 34 S values of sulfur sources (seawater and pore water sulfate and sedimentary sulfide) are measured by mass spectrometry. The methods for preparation of samples for δ 34 S analysis of sulfate and sulfide are different, where sulfate in seawater or pore water is precipitated as BaSO 4 after boiling the sample under acidic conditions with BaCl 2 , whereas extraction of sulfide needs more preparation. Due to low pore water concentrations of dissolved sulfide (typically μM) and rapid oxidation by exposure to air, it is difficult to obtain enough material to analyze δ 34 S-sulfide in pore waters directly. Instead, sulfide is obtained by distillation of the sediments, where several methods are available. The most common method separates the acid volatile pool (AVS: H 2 S and FeS) from the chromium reducible pool (CRS: S 0 and FeS 2 ) (Fossing and Jørgensen, 1989; Kallmeyer et al., 2004) . The pore water sulfide is included in the AVS pool, and this pool is used as a proxy for the δ 34 S values of pore water sulfide, as FeS is the first product in the early diagenesis of sulfur in marine sediments and no fractionation of sulfide occurs during the transformation from the dissolved to the particulate phase (Fossing and Jørgensen, 1989; Canfield, 2001) . During distillation sulfide is precipitated as Ag 2 S, and the sulfur precipitate is filtered and weighed into tin capsules and vanadium pentoxide added as catalyst. The samples (BaSO 4 or Ag 2 S in tin capsules) are analyzed by EA-CF-IRMS. Barium sulfate and silver sulfide are used as standards, which are supplied from reference laboratories such as The International Atomic Energy Agency (IAEA), Vienna. In brief an elemental analyzer (EA) coverts the total sulfur in the sample into SO 2 gas.
The EA is connected to a continuous-flow isotope-ratio massspectrometer (CF-IRMS), which measures the relative difference in stable-sulfur-isotope amount ratio ( 34 S/ 32 S) of the product SO 2 gas.
The sulfur isotope composition of a sample is expressed in the standard δ notation (units per mill, ) given by
where R sample = 34 S/ 32 S in the sample and R standard is the isotopic composition of the standard.
δ 34 S OF THE SULFUR SOURCES (SEAWATER AND SEDIMENT) IN SEAGRASS MEADOWS
The δ 34 S values of seawater collected in seagrass meadows ( Table 1 ) are quite consistent with the global oceanic value of +21 (Rees et al., 1978; Böttcher et al., 2007) although with a tendency to slightly lower values (global average +20.7 ) probably reflecting some mixing with lighter sulfide as observed for coastal waters (Böttcher et al., 2007) . There are only a few reports of the isotopic composition of pore water sulfate in seagrass rhizosphere sediments, showing either slightly lower (+15.9 to +17.4 , Fry et al., 1982) (Canfield, 2001 ). δ 34 S of pore water sulfide in seagrass sediments is only available from one study with values ranging between −24.1 to −20.7 , which is slightly less negative than the corresponding AVS pool (−26.3 to −23.4 ) in the same sediments (Frederiksen et al., 2007) . A compilation of the δ 34 S of AVS pools for seagrass sediments range between −26.3 to −7.6 with an average value of −18.9 (Table 1) . Less variation was found for CRS (−26.6 to −17.2 ) and the average value was lower (−22.4 , Table 1 ). The average sediment δ 34 S in seagrass sediments is less negative compared to non-vegetated sites (∼ +25 , Canfield, 2001) . The large variations between sampling stations within the same site (Frederiksen et al., 2007) , between locations (e.g., across the Mediterranean in Frederiksen et al., 2007) and between seasons Papadimitriou et al., 2006) illustrate the large spatial and temporal variability in sulfur isotopes in seagrass sediments. Such variability is critical and has to be accounted for when quantifying the contribution of sedimentary sulfide to the sulfur content in seagrasses (see below).
GLOBAL VARIATION IN STABLE SULFUR ISOTOPIC SIGNALS IN SEAGRASSES
The δ 34 S composition of seagrasses has been investigated for various reasons (e.g., food-web structure, sulfur sources, and sulfide toxicity) in the past, resulting in a data set covering most seagrass genera, and δ 34 S values exist for about half of the species (27), representing sub-arctic, temperate, subtropical, and tropical seagrasses with most observations of Posidonia oceanica, Thalassia hemprichii, and Z. marina ( Figure 3 and Table 2 ). The δ 34 S range from seawater sulfate levels in P. oceanica (+20.9 ± 03 ; Figure 3 ) and to negative values in Ruppia maritima (−4.5 ± 3.5 ). Most species have leaf values between +10% and +15 and the average value in leaves for all species is +12.4 ± 8.2 . As δ 34 S of the leaves deviate from seawater sulfate having more negative values, this suggests that seagrasses accumulate sulfur derived from sedimentary sulfide in the leaves. The δ 34 S of below-ground tissues are significantly lower than the leaves, on average +5.1 ± 8.6 for rhizomes and +0.1 ± 10.1 for roots ( Table 2 ), suggesting that the accumulation of sulfide is higher in below-ground tissues. As observed for the leaves, P. oceanica has the highest δ 34 S values (+13.2 ± 2.8 and +11.3 ± 5.5 for rhizomes and roots, respectively, Figure 3) , and Z. marina (+1.2 ± 7.0 and −5.2 ± 7.8 for rhizomes and roots, respectively, Figure 3 ) and R. maritima (−9.6 ± 6.4 ) show the lowest values. The lower values in roots compared to rhizomes suggests that the accumulation of sulfide-derived sulfur decrease from roots to rhizomes to leaves (Frederiksen et al., , 2007 and is consistent with the intrusion of sulfide through roots (Pedersen et al., 2004) . The intrusion into below-ground tissues is further supported by positive correlations between δ 34 S in roots and rhizome, and rhizomes and leaves for four out of nine seagrasses (Figure 4) . The δ 34 S values show the largest variation for Z. marina, Zostera nigricaulis, and Halophila ovalis with values between −15 and +12.5 and steep regressions, whereas the Posidonia species and Amphibolis antarctica show no correlation between any of the tissues (Figure 4) . A. antarctica leaves had values similar to seawater sulfate, suggesting that the sulfur source is seawater probably due to the long stem in this seagrass separating the leaves from the sediment.
The lack of correlations for the larger species as Posidonia sp. and Amphibolis sp. suggests that the accumulation of sulfide is more complex compared to the smaller and less morphological differentiated seagrasses as Z. marina and H. ovalis. One of the seagrass species, Halophila engelmanni, has similar values in leaves and roots (+11.2 and +11.5 , respectively) indicating no difference in sulfide intrusion between roots and leaves. This is a small species (<10 cm leaf length) with short distance between the sediment source and the leaves, and the sulfide intrusion may thus affect the entire plant due to short diffusion distances. δ 34 S has, however, only been reported from one study (Fry et al., 1982) and more data are needed to confirm the observations in particular as the similar sized H. ovalis show large difference between above and below-ground tissues ( Table 2 and Kilminster et al., 2014) . The δ 34 S values and correlations between tissues in the seagrasses studied so far thus suggests that that sulfide move from the below-ground tissues up to the leaves. Gaseous sulfide is considered to move freely in the plants, controlled by the gradient in partial pressures between the plant and the sediment . There are diaphragms at the nodes and in transition Halodule uninervis 2 0 . 9± 0.1 +14.6 ± 1.9 2 1.1 ± 0.3 −6.5 ± 4.6 2 0 . 9± 0.2 +1.6 ± 5.1
Halodule wrightii 9 n d +9.3 ± 6.9 nd nd nd 3 nd −7.4 ± 5.6
Halophila ovalis 6 0 . 9± 0.1 +16.2 ± 2.3 6 1.1 ± 0.7 +2.7 ± 14.6 6 0.8 ± 0.5 −5.5 ± 7. Posidonia australis 6 0 . 9± 0.3 +17.2 ± 3.8 6 0.9 ± 0.4 +4.7 ± 6 6 0 . 7± 0.1 +2.6 ± 4.5
Posidonia coriacea 1 0 . 6 +14.7 1 0.6 −0.4 1 1.4 +0.6
Posidonia oceanica 34 0.7 ± 0.4 +20.9 ± 1.7 32 0.6 ± 0.3 +13.2 ± 2.8 32 0.6 ± 0.3 +11.3 ± 5.5
Posidonia sinuosa 4 0 . 9± 0.3 +18.3 ± 2.7 4 0.7 ± 0.2 +4.6 ± 1.6 4 1 ± 0.1 +0.9 ± 4
Ruppia maritima
Ruppia megacarpa 3 0 . 7± 0 +11.1 ± 5.2 2 0.9 ± 0.2 +11.7 ± 5.8 2 0.6 ± 0.2 −2.1 ± 2.1
Syringodium filiforme
Syringodium isoetifolium 2 1 . 4± 0 +16.2 ± 2.5 2 0.4 ± 0 +2.4 ± 13.9 2 0.7 ± 0 +10.3 ± 2.1
Thalassia testudinum 13 0.5 ± 0.1 +11.7 ± 5.6 4 0.9 ± 0.3 −2.7 ± 5 6 1 . 2± 0.3 −11.8 ± 6.8 regions in the seagrasses, but these offer little resistance to gaseous diffusion (Larkum et al., 1989) . Very rapid diffusion of oxygen is measured in seagrasses, in the order of 1 cm min −1 , and is likely to be as fast for the sulfide gas . Sulfide may also exit the plant, e.g., through the meristem, where rapid gas exchange with the water column has been measured (Greve et al., 2003; Pulido and Borum, 2010; Raun and Borum, 2013) . So far gaseous sulfide has not been detected in the leaves (Pedersen et al., 2004) .
Zostera capricorni

FATE OF SULFIDE INSIDE SEAGRASSES
During the analysis of δ 34 S in the mass spectrometer the total sulfur (TS) content of the seagrass tissues is also obtained and by correlating TS with δ 34 S there appears to be a relationship between the two. There are relatively good correlations (R 2 = 0.41-0.51) between TS content of the plants and decreasing δ 34 S in Z. marina rhizomes and roots (Figure 5) , and similar correlations have been found for species with similar growth form as Z. marina, e.g., Cymodocea sp., Z. nigraulis (Cambridge et al., 2012; Holmer and Kendrick, 2013 ) and smaller species such as H. ovalis (Holmer et al., 2011; Cambridge et al., 2012) . Also P. oceanica show correlation between TS and δ 34 S although the correlations are weaker (R 2 = 0.12-0.15) due to the lower accumulation of sulfur in this seagrass (Figure 5 ). This suggests that the excess sulfur accumulating in the plant tissue is derived from sulfide in the sediments and that the increase in TS depends on the amount of sulfide entering into the plants.
As the mass spectrometer analysis of TS and δ 34 S directly on plant tissue does not distinguish between organic and inorganic forms of sulfur, the available data does not allow for an identification of the different sulfur compounds accumulating in the tissues. Elemental sulfur [S 0 ; assessed after methanol extraction by RP-HPLC after Zopfi et al. (2001) ] is one reoxidation product of sulfide, which has been found accumulating in seagrass tissues (Holmer et al., 2005b Frederiksen et al., , 2007 Koch et al., 2007; Hasler-Sheetal, 2014) . High S 0 concentrations were found in Z. marina and Thalassia testudinum (up to 46% of TS), when plants were exposed to high sulfide concentrations in laboratory experiments (Holmer et al., 2005b; Koch et al., 2007; Mascaro et al., 2009; Hasler-Sheetal, 2014) , but also field plants show accumulation of S 0 and it is possibly a wide-spread mechanism for detoxification of sulfide in seagrasses (Holmer et al., 2005a HaslerSheetal, 2014) . In field plants S 0 primarily accumulates in the roots, and the highest tissue contents found are in Z. marina with about 0.5%DW, corresponding to 5-10% of TS content of the plants. A study of S 0 in P. oceanica showed a shift in tissue isotopic signal to more negative values upon accumulation of S 0 , and extraction of S 0 from the interior of the plants gave δ 34 S similar to the sediment sulfide, indicating that S 0 is a direct oxidation product hereof (Frederiksen et al., 2007) . As the accumulations of S 0 generally are less than the observed increase in TS, this suggests that sulfide is incorporated in other, not yet identified, S-containing compounds (Mascaro et al., 2009; Hasler-Sheetal, 2014) . S-containing thiols have been extracted from Z. marina and sulfate accumulated in both below-ground tissues and in leaves (Hasler-Sheetal, 2014) . Sulfate has been suggested as an important storage compound of sulfur in terrestrial plants and marine algae, where for instance Chara accumulates crystal like structures of BaSO 4 in their rhizoids and Desmarestia accumulates sulfuric acids in vacuoles (Rennenberg, 1984) . Sulfide is also taken up directly by the seagrasses (HaslerSheetal, 2014), and studies on maize, pumpkin, spinach, and spruce exposed to atmospheric sulfide demonstrate that sulfide is directly used for synthesis of cellular sulfur compounds (De Kok et al., 1989) . Similarly Z. marina enzymatically metabolizes intruding sulfide via thiols into organic sulfur (HaslerSheetal, 2014) . The later accumulates upon sulfide intrusion (Hasler-Sheetal, 2014) . High levels of sulfide intrusion lead to accumulation of sulfur predominately in below ground tissues, 86% accumulated in roots and rhizome. In below ground tissues 67% precipitated as S 0 , 17% as organic sulfur, 12% as sulfate, and 4% as thiols (Hasler-Sheetal, 2014) . A stable sulfur isotope analysis of the different sulfur compounds accumulating under sulfide intrusion revealed sediment sulfide as common source of thiols, organic sulfur and S 0 in the roots and rhizomes (Hasler-Sheetal, 2014) . In contrast all sulfur compounds in the leaves originated of a mixture of reoxidised sulfide and bulk pore water sulfate (Hasler-Sheetal, 2014) . Also S-containing amino acids, such as taurine and thiotaurine, have been suggested as storage compounds of toxic sulfide in chemoautotrophic bacteria experiencing high sulfide concentrations (Joyner et al., 2003) , a similar mechanism is possible in the seagrasses, but further studies are needed.
QUANTIFICATION OF SULFIDE INTRUSION
The δ 34 S in seagrass tissues reflects the δ 34 S values of the sedimentary sulfur sources, and the sediment source is quite variable as discussed above (Table 1 ) and may further show variations due to seasonal variations in temperature, sulfate reduction rates (sulfide production and concentration) or organic matter availability, site specific variations and sediment physical and chemical conditions (Holmer and Kendrick, 2013) . There may thus be a discrepancy between the δ 34 S in the seagrass and the sediments due to differences in the timing of the variations. It is, however, possible to eliminate the dependence on sediment sulfide δ 34 S by calculating the factor F sulfide . By using F sulfide the sulfide intrusion into the seagrasses is corrected for the sediment δ 34 S values and F sulfide represents the percentage of tissue sulfur, which is derived from sedimentary sulfide. F sulfide is defined as the contribution (in percentage) of sedimentary sulfide to the sulfur in the plants, according to : where δ 34 S tissue is the δ 34 S measured in the leaf, rhizome or root, δ 34 S sulfate is the seawater value and δ 34 S sulfide is the sediment sulfide value. Variation in sulfide intrusion can be further reduced by analyzing F sulfide in the young tissues (e.g., 1. and 2. leaf, rhizome or root bundle), representing the most recent growth, e.g., last couple of weeks for fast growing species like Zostera sp. and the last couple of months for the slow-growing species as Posidonia sp. F sulfide quantifies the sulfide intrusion for direct comparison between types of tissue, species, and locations. This method does not take into account a potential redistribution of sulfur sources during senescence, as occurs for nitrogen in seagrasses (Marba et al., 2002) , as there is a lack of knowledge on such redistribution of sulfur in seagrasses.
F sulfide has been reported for several species and reflects the observations of δ 34 S with highest values in roots, followed by rhizomes and leaves (Figure 6 for P. oceanica and Z. marina). F sulfide range between zero for leaves of P. oceanica and up to 96% in roots of T. testudinum. Highest values are found in leaves and respective roots of species like Z. marina (68%/86%), T. testudinum (21%/96%) and H. ovalis (11%/100%), whereas Posidonia sp. show the lowest values (0%/39%). F sulfide correlates with TS and the correlations are generally stronger than observed for δ 34 S (Figure 6) , and show that the removal of sediment variability increase the strength of F sulfide as indicator of sulfide accumulation compared to δ 34 S.
RELATIONSHIPS BETWEEN ENVIRONMENTAL AND BIOLOGICAL STRESSORS AND SEAGRASS PERFORMANCE
The δ 34 S and F sulfide values exist from seagrasses growing under various types of stress, and low δ 34 S and high F sulfide , indicative of enhanced sulfide intrusion compared to unstressed plants, is a general observation in seagrasses growing under stress (Table 3) . For instance, high intrusion has been found in degrading seagrass meadows near fish farms, where sulfide intrusion increases toward the farms. The plants are exposed to anoxic stress and high sulfide concentrations in the sediments as well as increased nutrient availability and grazing by sea urchins (Frederiksen et al., 2007) . High intrusion has also been found in degraded P. oceanica meadows affected by nutrient loading from boating activity compared to pristine sites (Marbà et al., 2007) and in P. oceanica growing under elevated temperatures (García et al., 2012) .
In Z. marina high intrusion has been found in plants exposed to low water column oxygen due to drifting algae (Holmer and Nielsen, 2007) and in plants exposed to hypoxia and at the same time growing in sediments with high organic matter pools and high sulfide concentrations (Mascaro et al., 2009) . Similarly, direct exposure of T. testudinum to high pore water concentrations of sulfide (6 mM) and hypersalinity (65) resulted in declining δ 34 S in the plants and was followed by decreased plant performance (Koch et al., 2007) . Combinations of increasing temperature and increasing biomass of the drifting algae Gracilaria comosa increased the sulfide intrusion in H. ovalis, and had detrimental impact on this small seagrass through interactive effects of shading, anoxia, and pore water sulfide (Holmer et al., 2011; Höffle et al., 2012) . Where P. oceanica show negative performance under relatively little environmental pressure, e.g., low sulfide concentrations in the sediments , harmful effects on the seagrasses with natural high F sulfide in the tissues first accelerate when the plants suffer from hypoxia and/or anoxia (Mascaro et al., 2009; Martínez-Lüscher and Holmer, 2010 (Ruiz-Halpern et al., 2008) ; 2, (Oakes and Connolly, 2004) ; 3, (Holmer and Bondgaard, 2001 ); 4, (Holmer et al., 2005b) ; 6, (Frederiksen et al., 2008) ; 6, (Mascaro et al., 2009); 7, (Hasler-Sheetal, 2014) .
as the sulfide can be: (i) reoxidized by oxygen present inside the plants in the aerenchyma (Pedersen et al., 2004) or in the rhizosphere (Van Der Heide et al., 2012) or (ii) detoxified by metabolisation via thiols into organic sulfur (Hasler-Sheetal, 2014) . However, if both detoxification capacities are exceeded and sulfide intrudes into active tissues such as the meristem, then the performance of the seagrasses is negatively affected (Borum et al., 2005; Garcias-Bonet et al., 2008; Pulido and Borum, 2010; Korhonen et al., 2012) . Negative effects of sedimentary sulfide can thus be expected when the reoxidation capacity of the plants is inhibited by environmental or biological stress. Such stress factors are for instance water column hypoxia, sediment anoxia (high biological activity in the sediments or anoxia due to macroalgae cover), increased temperature and shading (Figure 7) . Experimental remediation studies have been done to remove the sulfide pressure on seagrasses. Addition of iron to the sediments decreased the dissolved sulfide pools and at the same time δ 34 S increased in the leaves of T. testudinum and Halodule wrightii. This suggests that δ 34 S can be used as an indicator of stress removal in seagrasses (Chambers et al., 2001) , and both species grew better after the reduction in sulfide levels in the sediments. Similar addition of iron to organic enriched sediments inhabited by P. oceanica showed reduced sulfide intrusion where the leaf δ 34 S increased from +18.2 in control plots to +20.5 in iron added plots (Marbà et al., 2007) . These two studies were done in carbonate sediments with natural low iron content, and the added iron decreased the sulfide pressure in the sediments by increasing the precipitation of iron sulfide and reducing the pore water pool of sulfide. Both shoot survival and recruitment rates increased due to the relief of sulfide pressure. The mechanisms behind improved growth due to iron additions remain to be resolved, but the plant enzymatic activities increased, probably due to removal of inhibition by sulfide as well as higher iron availability, resulting in higher growth (Chambers et al., 2001; Holmer et al., 2005a) . 
CONCLUSION
The analysis of stable sulfur isotope signals in seagrasses shows, that sediment sulfide contributes significantly to the isotopic sulfur composition of seagrass tissues. Sulfide is intruding in the 27 species examined so far, remarkably also when they are growing under pristine conditions without human perturbations. Sedimentary sulfide contributes to the sulfur demand of the plants and are incorporated into the tissues like other essential nutrients. The intrusion of sulfide results in an increase in the TS content in seagrass tissues, and whether the accumulating sulfur is a by-product of a passive intrusion of sulfide or it is an adaptation to facilitate incorporation of S-molecules into the biological structure of the seagrasses remains to be explored. Whether the intrusion of sulfide is harmful to the seagrasses varies. Some species, such as P. oceanica, are quite sensitive to presence of sulfide, whereas other species, such as Z. marina and T. testudinum, tolerate high concentrations and frequent intrusions, and are first harmed when their reoxidation capacities of sulfide is exceeded. The links between F sulfide and plant performance parameters suggest that δ 34 S can be used as indicator of seagrass health, but the indicator has to be developed further and should be used in combination with other indicators as seagrasses growing under stress are most often exposed to more than one stressor (Waycott et al., 2009; Thomsen et al., 2012) .
